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INTRODUCTION 

The need t o  develop l a r g e  s o l a r - c e l l  a r r a y s  f o r  space a p p l i c a t i o n s  has  s t imu-  
l a t e d  a g r e a t  i n t e r e s t  i n  t h in - f i lm  pho tovo l t a i c s  because of t h e i r  p r o j e c t e d  h igh  
power-to-weight r a t i o  ( g r e a t e r  than 1 kW/kg). S p e c i f i c a l l y ,  i t  would be advantageous 
t o  deve lop  c o s t - e f f e c t i v e  th in - f i lm  GaAs s o l a r  cells because they  possess a wide 
range of d e s i r a b l e  c h a r a c t e r i s t i c s  f o r  space a p p l i c a t i o n s  ( r e f .  1 ) .  Such cells  could 
be launched and deployed by t h e  Space S h u t t l e  as s o l a r  a r r a y s  t o  be used a s  long-term 
power s u p p l i e s  f o r  va r ious  S h u t t l e -  and s a t e l l i t e - r e l a t e d  miss ions .  

A promising approach f o r  developing these s o l a r  cells is  t o  e p i t a x i a l l y  grow 
h i g h - e f f i c i e n c y  p h o t o v o l t a i c  t h i n  f i l m s  on low-weight, i nexpens ive  f o r e i g n  s u b s t r a t e s  
u s ing  vapor d e p o s i t i o n  techniques .  I n  order t o  c o n s t r u c t  h i g h - e f f i c i e n c y  s o l a r  
cells, it i s  necessary  t o  produce well-ordered, d e f e c t - f r e e  G a A s  e p i t a x i a l  f i l m s .  
The degree  of c r y s t a l l i n e  o r d e r  achieved  w i l l  be c o n t r o l l e d  by t h e  a d s o r p t i o n ,  nucle-  
a t i o n ,  and l a t e ra l -g rowth  behavior  i n  t h e  f irst  few l a y e r s  depos i t ed .  This behavior  
is, i n  t u r n ,  c o n t r o l l e d  by such parameters  a s  t h e  d e p o s i t i o n  rate, s u r f a c e  tempera- 
t u r e ,  adatom m o b i l i t y ,  ada tom-subs t ra te  chemical r e a c t i v i t y ,  s u r f a c e  d e f e c t  d e n s i t y ,  
and l a t t i c e  r e g i s t r y  of t h e  system. I n  order t o  a s s e s s  t h e  r e l a t i v e  s e n s i t i v i t y  of 
t h e s e  parameters  and to  model exper imenta l  r e s e a r c h  e f f o r t s ,  a so l id -on- so l id  (SOS) 
Monte Car lo  computer s i m u l a t i o n  f o r  a one-component system is p resen ted  t h a t  u t i l i z e s  
a po ten t i a l - ene rgy  s c a l i n g  technique  over a 400-si t e  a r r a y .  

Although numerous Monte Car lo  models e x i s t  ( r e f s .  2 t o  51, t h e  advantage of t h i s  
approach is  t h a t  it a l lows  s i n g l e  even t s  to occur  s imul t aneous ly  a t  a l l  sites of t h e  
a r r a y  wi th in  t h e  c o n s t r a i n t s  of t h e  surrounding po ten t i a l - ene rgy  f i e l d  and t h e  t h e r -  
mal f l u c t u a t i o n s  a s s o c i a t e d  wi th  a given s u b s t r a t e  tempera ture .  This is i n  c o n t r a s t  
t o  p a s t  models, which u t i l i z e d  r a t e  equat ions t o  determine m u l t i p l e  even t s  f o r  a 
given atom ( i n  one sampling i n t e r v a l )  while f r e e z i n g  t h e  motions of a l l  o t h e r  atoms 
i n  t h e  a r r a y .  Continuous updat ing  of t h e  p o t e n t i a l  energy over  a l l  sites of t h e  
a r r a y  on a t i m e  s c a l e  s u f f i c i e n t l y  smal l  to cover  s i n g l e  e v e n t s  a t  each s i te  (e .g . ,  
a d s o r p t i o n / d e s o r p t i o n  of atoms and s ingle-atom jumps t o  ne ighbor ing  s i t e s )  i s  made 
p o s s i b l e  by t h e  use of ordered  s t a t i s t i c s .  Therefore ,  t h e  s imultaneous changes a t  
a l l  s i t e s  and t h e  r e s u l t i n g  i n d i v i d u a l  atomic i n t e r a c t i o n s  provide  t h e  c o n d i t i o n s  
necessary  t o  s i m u l a t e  th in - f i lm  growth i n  a near  p h y s i c a l l y  r e a l  manner. 

I MODEL CONCEPTS 

The model employs a 2 0  x 20 squa re  a r r ay  with p e r i o d i c  boundary c o n d i t i o n s  a s  
t h e  s u b s t r a t e  (and r e f e r e n c e  p l a n e )  on which atoms are depos i t ed .  As atoms a r e  ran-  
domly added t o  the  sites they  are f r e e  t o  desorb,  miqra te ,  d i f f u s e  i n t o  ( i n c o r p o r a t e )  
and o u t  of t h e  S u b s t r a t e ,  o r  remain loca l i zed .  These changes a l t e r  t h e  s t a c k i n g  
h e i g h t  of each column growing on a p a r t i c u l a r  s i te ,  and a l s o  chanqe t h e  p o t e n t i a l  
energy a t  t h a t  s i t e  and a t  neighboring s i t e s .  F igure  1 i l l u s t r a t e s  a t y p i c a l  s u r f a c e  
topography ( t e r r ace - l edge -k ink )  and r ep resen t s  t he  s u r f a c e  model used f o r  t h e  s o l i d -  
on-so l id  iSOS)  method of s tudy ing  c r y s t a l  growth. i n  t h i s  approach,  atoms a r e  repre-  
s en ted  by cubes and a r e  c o n s t r a i n e d  t o  grow i n  wel l -def ined  columns. 
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Figure  1 .- Geometry of te r race- ledge-k ink  SOS model. 

The phys ica l  c o n s t r a i n t s  t h a t  determine t h e  temporal  behavior  of eve ry  atom 
l o c a t e d  a t  t h e  su r face  of each column s i t e  ( i , j )  are based on t h e  i n t e r a c t i o n  poten-  
t i a l  of each su r face  atom r e l a t i v e  t o  t h e  s u b s t r a t e  and t o  i t s  n e a r e s t  ne iqhbors .  
The i n t e r a c t i o n  p o t e n t i a l  a c r o s s  a p e r f e c t l y  homogeneous s u r f a c e  with w e l l  depth 
Uo and in t e ra tomic  d i s t a n c e  a. is dep ic t ed  as changing uniformly from s i t e  t o  s i t e  
( f i g .  2 ( a ) ) .  (The symbols used i n  t h i s  paper  are d e f i n e d  i n  a l i s t  a f t e r  t h e  refer- 
ences . )  A t y p i c a l  i n t e r a c t i o n  p o t e n t i a l  across a he terogeneous  surface is shown i n  
f i g u r e  2 ( b ) .  The v a r i a t i o n  i n  p o t e n t i a l  energy a t  d i f f e r e n t  sites r e f l e c t s  t h e  many 
s u r f a c e  f e a t u r e s  shown i n  f i g u r e  1 ,  such as vacanc ie s ,  s t e p s ,  k inks ,  and c l u s t e r s  o f  
v a r i o u s  s i z e s .  In t h i s  model i t  is  assumed t h a t  a l l  i n c i d e n t  atoms adsorbed on t h e  
s u r f a c e  thermal ly  accommodate t o  t h e  s u r f a c e  i n s t a n t l y .  The s t i c k i n g  c o e f f i c i e n t  
S for  t h e  s u b s t r a t e  and t h e  growing f i l m  is  governed by 

where 8 i s  the coverage So i s  t h e  s t i c k i n g  c o e f f i c i e n t  a t  z e r o  coverage and 
i s  t h e  o r d e r  of bonding. 

Once a n  atom i s  adsorbed onto ,  o r  mig ra t e s  to, a p a r t i c u l a r  s i t e  ( i , j  1, t h e  
p o t e n t i a l  i n t e r a c t i o n  energy a t  t h a t  s i t e  immediately changes from t h a t  of t h e  atom 
below to  t h a t  of the newly adsorbed atom. If an  atom i s  desorbed  or mig ra t e s  away, 
t h e  p o t e n t i a l  a t  t h a t  s i t e  changes t o  r e p r e s e n t  t h e  atom t h a t  w a s  immediately below 
it, t h a t  i s ,  the  "new s u r f a c e  atom." S ince  t h e  h e a t  of a d s o r p t i o n  a t  z e r o  coverage 
r e f l e c t s  t h e  number of bonds t h a t  a n  adsorbed atom makes wi th  the s u b s t r a t e  (e.g., 
t h r e e  bonds for ( 1  11 ) face-centered  c u b i c  ( f  cc) s t r u c t u r e ,  f o u r  bonds f o r  ( 1  00) fcc, 
and f i v e  bonds fo r  (110)  f c c ) ,  on ly  t h e  l a t e ra l  i n t e r a c t i o n s  of t h e  growing f i r s t  

2 
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( a )  V a r i a t i o n  over  a uniform homogeneous s u r f a c e .  

1 Free atom 

Interaction 
potential, 

U 

Heterogeneous surface profile, x 

(b)  Dis turbances  i n  s u r f a c e  p o t e n t i a l  caused by vacancies ,  d i s l o c a t i o n s ,  
k inks ,  and i m p u r i t i e s .  

F igure  2.- V a r i a t i o n s  i n  p o t e n t i a l  energy  a t  s u r f a c e .  

l a y e r  need t o  be cons ide red  i n d i v i d u a l l y .  In a d d i t i o n ,  t h e  changes i n  p o t e n t i a l  
energy  a t  a p a r t i c u l a r  s i t e  w i l l  a f f e c t  t h e  p o t e n t i a l  energy  of t h e  n e a r e s t  neigh-  
bors , second-neares t  ne ighbors ,  and t h i r d - n e a r e s t  ne ighbors  i n  t h e  first l a y e r  of 
growth. Updating t h e  p o t e n t i a l  energy a t  a g iven  s i t e  fo l lowing  a k i n e t i c  e v e n t  
t h e r e f o r e  r e q u i r e s  s imul taneous  upda t ing  of t h e  p o t e n t i a l  energy for a l l  su r round ing  
sites. 

The changes i n  p o t e n t i a l  energy t h a t  occur  a long  a l i n e a l  s e c t i o n  of a homoge- 
neous s u r f a c e  upon the a d s o r p t i o n  of  a s ing le  adatom a t  s i t e  ( i , j )  are shown i n  
f i g u r e  3. $o, and the 
p o t e n t i a l  a t  a d j a c e n t  s i tes dec reases  by an inc remen ta l  amount a .  This r e p r e s e n t s  

N o t e  t h a t  t h e  p o t e n t i a l  a t  t h a t  s i t e  i n c r e a s e s  by a n  amount 
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F igu re  3. -  Changes i n  p o t e n t i a l  energy a long  l i n e a l  s e c t i o n  of a homogeneous 
su r face  upon a d s o r p t i o n  of a s i n g l e  adatom a t  s i t e  ( i , j ) .  

t h e  a c t u a l  phys i ca l  c o n d i t i o n  of t h e  p a r t i c u l a r  adatom a t  s i te  ( i , j ) ;  it r e q u i r e s  
less energy to  desorb or mig ra t e  than d i d  t h e  o r i g i n a l  s u r f a c e  atom a t  t h a t  s i t e  when 
it w a s  surrounded by a l l  i ts  n e a r e s t  neighbors .  F u r t h e r ,  t h e  deeper  p o t e n t i a l  a t  the 
ne ighbor ing  s i t e s  r e f l e c t s  t h e  i n c r e a s e d  enerqy necessa ry  t o  desorb an atom a t  t h o s e  
sites. This is  a r e s u l t  of the i n c r e a s e  i n  number of ne ighbors  f o r  t hose  si tes.  

Figure 4 shows the v a r i a t i o n  i n  p o t e n t i a l  energy  a t  s i t e  ( i , j )  as lateral  neigh-  
bors are p rogres s ive ly  added. For each n e a r e s t  ne ighbor ,  a po ten t i a l - ene rgy  i n c r e -  
ment a is sub t r ac t ed ,  and increments  of $ and y a r e  s u b t r a c t e d  for  second and 
t h i r d  ne ighbors ,  r e s p e c t i v e l y .  Autoepi taxy r e q u i r e s  t h a t  t h e  i n i t i a l  p o t e n t i a l  

Uo (Uo E NC1) be recovered  when a l l  the surrounding-neighbor  sites have been 
f i l l e d .  Thus, for  an  adatom a t  s i t e  (i ,]),  

AHads 
U ( i , j )  = -Uo + I$o = - ( 2 )  

For a (110)  f c c  su r face ,  t h e  a d d i t i o n  of t w o  n e a r e s t  ne ighbors  (-2~x1, t w o  second- 
n e a r e s t  neighbors ( -2$ ) ,  and f o u r  t h i r d - n e a r e s t  ne ighbors  (-4y) t o  the adatom 
recovers t h e  p o t e n t i a l  of t h e  o r i g i n a l  site. S ince  

4 
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Figure  4.- V a r i a t i o n  i n  p o t e n t i a l  energy a t  s i t e  ( i , j )  as lateral  ne ighbors  
a r e  p rogres s ive ly  added. 

then  

U ( i , j )  = -Uo + Q0 - 2a - 28 - 4y = -U 
0 

The va lues  of a, @, and y a r e  determined by t h e  la teral  bond s t r e n g t h  of a 
p a r t i c u l a r  system. 
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Energy F l u c t u a t i o n s  and P o t e n t i a l  S c a l i n g  

The behavior a t  each s i te  i n  t h e  e n t i r e  a r r a y  i s  monitored once d u r i n g  e v e r y  
sampling i n t e r v a l  A t s  . By random-number g e n e r a t i o n ,  t h e  f l u c t u a t i o n  i n  v i b r a t i o n a l  
( t h e r m a l )  energy E i s  added to  t h e  i n t e r a c t i o n  p o t e n t i a l  U ( i , j )  a t  each s i te ,  and 
t h e  r e s u l t i n g  t o t a l  energy E ( i , j )  for t h e  s i t e  i s  compared wi th  t h e  magnitude of 
t h e  energy barriers f o r  deso rp t ion ,  s u r f a c e  mig ra t ion ,  i n c o r p o r a t i o n ,  and d i f f u s i o n  
of  a substrate  atom i n t o  the f i l m .  If E ( i , j )  of the atom exceeds one of these 
barriers b u t  i s  less than  ano the r ,  t hen  t h e  atom moves acco rd ing ly .  If E ( i ,  j 1 is 
less than  t h e  lowest barrier,  then  t h e  atom remains l o c a l i z e d .  For each sampling 
i n t e r v a l  A t  , an atom i n  an  a r b i t r a r y  s i t e  ( i , j )  h a s  t h e  t o t a l  energy  

S 

where E is determined by random number R from t h e  Roltzmann d i s t r i b u t i o n  

where A = l/kT. The mean energy of t h i s  d i s t r i b u t i o n  i s  

and t h e  cumulative energy d i s t r i b u t i o n  i s  g iven  by 

E 

F( E )  = h f (  E )  d e  = 1 - exp(-A€) 

A random v a r i a t e  E can  be gene ra t ed  by u s i n g  the i n v e r s e  f u n c t i o n  a s s o c i a t e d  with 
t h e  cumula t ive  d i s t r i b u t i o n  ( r e f .  6 ) .  Thus, for t h e  uniform random number R 
between 0 and 1 and wi th  R = F ( E ) ,  t h e  i n v e r s e  f u n c t i o n  g i v e s  t h e  random ene rgy  

E = -kT l n ( 1  - R )  (7) 

m u a t i o n  ( 1  ) then becomes 

S e l e c t i o n  of  a random number du r ing  each A t  allows a v a l u e  E ( i ,  j t o  be deter- 
mined. F igure  5 r e p r e s e n t s  t h e  ground s t a t e  p o t e n t i a l - e n e r g y  scale f o r  t h e  a d s o r b a t e  
atoms, t o  which E ( i , j )  i s  compared. B a s i c a l l y ,  f o u r  cases are cons idered .  

S 
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F igu re  5.- T o t a l  energy of s i t e  ( i , j )  a t  a g iven  i n s t a n t  compared wi th  t h r e s h o l d  
l e v e l s  of atomic e v e n t s .  

A Free atom E(i,  j )  > 0 

Migration 
or incorporation A 0 > E(i, j )  > ui 

A Ui > E(i, j )  > Urn Migration 

Localization 
Urn > E(i, j )  

1. I f  E ( i , j )  > 0, t h e n  t h e  atom desorbs and d i s a p p e a r s  from t h e  s u r f a c e .  

2. I f  0 > E ( i , j )  > Ui, then t h e  atom migrates o r  i s  i n c o r p o r a t e d  i n t o  t h e  bu lk  
and d i s a p p e a r s  from t h e  s u r f a c e .  

3. If Ui > E ( i , j )  > Um, then t h e  atom migra tes  t o  a vacan t  neares t -ne ighbor  
p o s i t i o n .  

4 .  I f  Um > E ( i , j  ) , t hen  t h e  atom remains l o c a l i z e d .  

In t h e  f i r s t  case, t h e  desorb ing  atom vaca te s  t h e  s i t e  and i s  no longe r  moni- 
t o red .  The f requency  of d e s o r p t i o n  vdes is dependent on t h e  number of bonds t o  
o t h e r  atoms i n  t h e  s u r f a c e  and i s  g iven  by ( r e f .  5) 

= - 1 exP(- g) 
'des z 

0 

where T) i s  t h e  number of bonds, Q is  the Qjngle-bond energy,  and i s  t h e  
v i b r a t i o n a l  p e r i o d  of s u r f a c e  atoms (zo SJ 10- sec) .  

I n  t h e  second case, if an atom has s u f f i c i e n t  energy t o  i n c o r p o r a t e  then  i t  a l s o  
has s u f f i c i e n t  energy  t o  migra te .  Whether it w i l l  i n c o r p o r a t e  o r  mig ra t e  depends on 
t h e  r e l a t i v e  p r o b a b i l i t y  of each p o s s i b i l i t y .  In  t h e  case of mig ra t ion ,  t h e  a v a i l -  
a b i l i t y  of more than  one s i te  f o r  migra t ion  is determined by t h e  c o o r d i n a t i o n  number 
a s s o c i a t e d  w i t h  t h e  a v a i l a b l e  sites. The higher  t h e  c o o r d i n a t i o n  number of an 
a v a i l a b l e  s i te ,  t h e  deeper  t h e  p o t e n t i a l  well and t h e  smaller t h e  energy  b a r r i e r  t o  

7 



migra t ion .  This i n c r e a s e s  t h e  p r o b a b i l i t y  of mig ra t ion  t o  t h a t  site. The expe r i -  
mental  evidence t o  suppor t  t h i s  assumed behavior  i s  s i z e a b l e  (ref.  7 ) .  

Migra t ion ,  o r  s u r f a c e  d i f f u s i o n ,  can be l o c a l i z e d  o r  non loca l i zed ,  depending on 
t h e  amount of thermal energy absorbed.  "he case of l o c a l i z e d  adatom d i f f u s i o n  i s  
r e p r e s e n t e d  by ( re f .  8) where a. i s  t h e  i n t e r a t o m i c  d i s t a n c e  (1 = 1/4 for 

a (100)  f c c  s t r u c t u r e )  and i s  t h e  energy of migra t ion .  (See  f ig .  3 . )  An adatom 
i n  t h i s  s t a t e  can be c h a r a c t e r i z e d  by t h r e e  deg rees  of freedom, two v i b r a t i o n a l  and 
one t r a n s l a t i o n a l ,  and moves over  s i n g l e  s a d d l e  p o i n t s .  If t h e  adatom has  s i g n i f i -  
c a n t l y  more energy than  b u t  less than  t h e  d e s o r p t i o n  energy,  t hen  non loca l i zed  
d i f f u s i o n  w i l l  occur .  "he atom i s  then c h a r a c t e r i z e d  by one v i b r a t i o n a l  and t w o  
t r a n s l a t i o n a l  degrees  of freedom. I n  t h i s  case, t h e  atom may t a k e  s e v e r a l  hops a long  
po ten t i a l - ene rqy  s a d d l e  p o i n t  pa ths ,  or it may l e a p  comple te ly  over t h e  top of a 
neares t -ne ighbor  atom. In  g e n e r a l ,  t h e  Qa o b t a i n e d  from experiments  probably  
r e p r e s e n t s  some combination of l o c a l i z e d  and non loca l i zed  d i f f u s i o n .  

Qd 

I n  t h e  case of  i n c o r p o r a t i o n ,  an atom is cons ide red  t o  have been removed from 
t h e  s u r f a c e  i n  the  same way t h a t  a n  adatom desorbs .  I t  i s  assumed t h a t  t h e  bulk  
vacancy concen t r a t ion  i s  s u f f i c i e n t  t o  receive t h e  adatoms, and t h u s  t h e  atom s imply  
d i s a p p e a r s  from t h e  s u r f a c e  si te.  The d e f i n i n g  e q u a t i o n  f o r  t h e  d i f f u s i o n  of atoms 
from the ad laye r  ( a d s o r p t i o n  l a y e r )  i n t o  t h e  bulk is  ( r e f .  9)  

2 

2Dt nDt 

where C b  is  the bulk c o n c e n t r a t i o n  i n  t h e  se lvedge ,  Rd 
and e r f c  is  the error f u n c t i o n  complement. 'Ihe amount 
t h e  t o t a l  amount 

- k s  - - 

( 1 1 )  

i s  t h e  d e p o s i t i o n  ra te ,  
A c -  i nco rpora t ed ,  then,  is  

absorbed  by t h e  bulk per u n i t  area, as fo l lgws:  

(12 )  

In  t h e  t h i r d  case, the atom has  only  enough energy t o  migra te .  Su r face  migra- 
t i o n  i s  t r e a t e d  a s  d e s o r p t i o n  fo l lowed by a d s o r p t i o n  a t  a ne ighbor ing  s i te .  I n  t h e  
f o u r t h  case, no change occur s  a t  t h e  s i t e .  

I n i t i a l l y ,  s imilar  de t e rmina t ions  must be made f o r  each  adatom tha t  adso rbs  o n t o  
a substrate  of a d i f f e r e n t  species. These d e t e r m i n a t i o n s  are made by r e p l a c i n g  
E( i , j ) w i t h  E, (i , j ) i n  t h e  i n e q u a l i t y  argument p r e s e n t e d  p rev ious ly .  Each i n t e r -  
a c t i o n  i s  cons idered  s e p a r a t e l y  u n t i l  a l l  s u b s t r a t e  sites are covered.  

A f t e r  t h e  s u b s t r a t e  is completely covered by the a d l a y e r ,  d i f f u s i o n  of s u b s t r a t e  
atoms through the growing f i l m  to  t h e  s u r f a c e  can he approximated by randomly depos- 
i t i n g  s u b s t r a t e  atoms on to  s u r f a c e  vacancy s i tes  a t  a ra te  c o n t r o l l e d  by t h e  d i f f u -  
s i o n  e q u a t i o n s  f o r  t h e  a d l a y e r - s u b s t r a t e  system. S ince  t h e  growing f i l m  is  so t h i n ,  
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this can be cons idered  d i f f u s i o n  through a membrane, and the to t a l  number of sub- 
strate atoms emerging a t  t h e  s u r f a c e  can be c a l c u l a t e d  by ( r e f .  9 )  

Ordered S ta t i s t i c s  

The r e s i d e n c e  t i m e  o r  s t a y  t i m e ,  o f  an atom on a s u r f a c e  is given by the Frenke l  
equa t ion  

where mads i s  the h e a t  of adso rp t ion  and 'co i s  t h e  per iod  of v i b r a t i o n  f o r  
s u r f a c e  atoms ( z, = 10-12 sec) . 
then ,  the most p h y s i c a l l y  real sampling time t h a t  cor responds  to  changes i n  v ib ra -  
t i o n a l  energy,  and t h e r e f o r e  t o  changes i n  E ( i ,  j 1 ,  is A t s  = 'cO. Computer c o s t s ,  of 
cour se ,  p r o h i b i t  t h e  ex tens ive  run t i m e s  t h a t  would be r e q u i r e d  t o  sample 400 sites 
1 0 l 2  times each  second. 
o rde red  s ta t is t ics  is a p p l i e d  ( r e f .  6 ) .  E s s e n t i a l l y ,  most of t h e  time-dependent 
energy v a r i a t i o n  a t  a p a r t i c u l a r  s i t e  r e s u l t s  i n  i n s u f f i c i e n t  thermal  f l u c t u a t i o n  f o r  
a tomic  movement, so t h e  atoms are l o c a l i z e d  over  most of  t h e  sampling i n t e r v a l .  This 
l a r g e  t i m e  i n t e r v a l  of atomic l o c a l i z a t i o n  is n o t  impor tan t  t o  t h e  a c t u a l  t h i n - f i l m  
growth because t h e r e  are no atom movements; t h e r e f o r e ,  on ly  t h e  f r a c t i o n  of t h e  
sampling i n t e r v a l  i n  which movement does occur needs t o  be cons idered .  Thus, we must 
de te rmine  what f r a c t i o n  of t h e  t i m e  t h e  si te energy is  i n  excess  of t h e  minimum 
a c t i v a t i o n  b a r r i e r  f o r  movement. 

( I t  is  assumed h e r e  tha t  AHads = AHdes.) I d e a l l y ,  

In o r d e r  to  circumvent t h i s  d i f f i c u l t y ,  t h e  method of 

L e t  €1, €2, ..., En denote  n random samples from the exponen t i a l  d i s t r i b u -  
t i o n  i n  e q u a t i o n  ( 4 )  and l e t  ~ ( ~ 1 ,  E(2)1 . * * I  E ( ~ )  denote  t h e  ordered  arrangement  
( f rom l o w  t o  h i g h )  of t h e  n random samples wi th  ~ ( i - 1 )  < ~ ( i )  f o r  a l l  
i = 2, 3,  ..., n and E ( ~ )  = max(E1, &2, ..., En). The p r o b a b i l i t y  d i s t r i b u t i o n  
o f  t h e  l a r g e s t  o rdered  s ta t i s t ic  E = E i s  g iven  by 

(n 1 

where f (  E )  and F ( E )  are given by equat ions ( 4 )  and ( 6 ) .  

F igu re  6 presents examples of this d i s t r i b u t i o n  for  a t empera ture  of 500 K and 
d i f f e r e n t  sampling s i z e s  (n  = l o7 ,  lo8, and l o 9 ) .  
t i o n  i s  g iven  by 

The cumulat ive frequency d i s t r i b u -  
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t 7 n = 10 8 n = 10 9 n = 10 

e ,  eV 
Figure  6.- D i s t r i b u t i o n  f u n c t i o n  of Boltzmann-ordered s ta t is t ics  a t  T = 500 K 

f o r  d i f f e r e n t  va lues  of t h e  sampling i n t e r v a l .  

To g e n e r a t e  random v a r i a b l e s  from t h i s  d i s t r i b u t i o n ,  a uniform random number 
R i s  gene ra t ed  such t h a t  G [ E € ( ~ ]  = R. This gives 

( n )  

which can be compared w i t h  equa t ion  ( 6 ) .  N o t e  that  f o r  ve ry  l a r g e  n, w e  can  approx- 
imate  E by 

( n )  

E (n  1 = -kT ln ( -  I n  F) (18)  

I f ,  for  exam le, T = 500 K, sQd = 0.7 e V ,  and t h e  average mean t i m e  between 
hops is 'cd = exp(hQd) = 10- sec, then i n  a sampling i n t e r v a l  of 
A t s  = sec, a s i n g l e  hop occurs .  Any smaller sampling i n t e r v a l  i s  unnecessary  
because no movement occurs .  Any larger sampling i n t e r v a l  (i.e.,  greater than  
m u l t i p l e s  of sec) would r e s u l t  i n  m u l t i p l e  e v e n t s  for  a s i n g l e  atom and mul t ip l e  
e v e n t s  a t  o t h e r  sites i n  t h e  a r r a y .  Therefore ,  t h e  more the sampling i n t e r v a l  
exceeds t h e  t i m e  of a s i n g l e  even t ,  t h e  less p h y s i c a l l y  real t h e  model becomes. 

A f t e r  s e l e c t i n g  a p a r t i c u l a r  system for a d s o r p t i o n ,  t h e  minimum a c t i v a t i o n  bar- 
rier de termines  the sampling i n t e r v a l  and t h e r e f o r e  t h e  number of random samples n. 

I 
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The o rde red  s ta t i s t ic  
e q u a t i o n  ( 1 7 ) .  Combining equa t ions  (17 )  and (3) g i v e s  t h e  t o t a l  energy a t  s i t e  ( i , j )  
as 

E ( ~ )  can be determined by a random-number g e n e r a t o r  and 

E ( i , j )  = U ( i , j )  - kT l n ( 1  - R (19)  

The same procedure  d e s c r i b e d  p rev ious ly  t o  de te rmine  atomic e v e n t s  i s  then followed. 

PROCEDURE 

The changes i n  p o t e n t i a l  energy over a uniform face -cen te red  c u b i c  s u r f a c e  can 
be dep ic t ed  by a mnemonic mask. When t h e  c e n t e r  of t h i s  mask is  p laced  ove r  
s i t e  ( i , j ) ,  t h e  mask c h a r a c t e r i z e s  t h e  changes i n  p o t e n t i a l  energy t h a t  occur both  a t  
t h e  c e n t r a l  s i t e  and a t  the  nearest-neighbor sites upon t h e  a d s o r p t i o n  of an atom. 
As shown i n  f i g u r e  3, t h e  a d s o r p t i o n  of a n  adatom a t  s i te  ( i , j )  d r i v e s  t h e  p o t e n t i a l  
energy a t  t h a t  s i t e  p o s i t i v e  by an amount t$ and s imul t aneous ly  d r i v e s  t h e  poten-  
t i a l  a t  t h e  neares t -ne ighbor  sites more negaeive. 
neares t -ne ighbor  sites, the  p o t e n t i a l  a t  site (i, j ) i n c r e m e n t a l l y  becomes more nega- 
t i v e .  In t h e  case of a (100) f c c  s u r f a c e ,  t h e r e  are f o u r  n e a r e s t  ne ighbors  ( i n c r e -  
mental  change a)  and f o u r  second-neares t  neighbors ( inc remen ta l  change @ I  i n  t h e  
s u r f a c e  l a y e r .  As t h e s e  sites are f i l l e d ,  t h e  p o t e n t i a l  a t  s i te  (i, j 1 r e t u r n s  to  

As o t h e r  adatoms arrive a t  

Thus, €o r  the  d i f f e r e n t  c r y s t a l  f a c e s  
"0 

t$o = 4 a  + 48 

f o r  (100) f c c  s u r f a c e ,  

c $ ~  = 6a' + 68' 

f o r  ( 1 1 1 )  f c c  s u r f a c e ,  and 

F igu re  7 g i v e s  t h e  a c t u a l  atomic arrangement f o r  t h e  t h r e e  low-index c r y s t a l  
f a c e s  f o r  a f ace -cen te red  cubic s t r u c t u r e ,  and shows how t h e  p o t e n t i a l - e n e r g y  i n c r e -  
ments are cons ide red  i n  terms of t h e  SOS model. The p o t e n t i a l  a t  each s i te  is 
as ses sed  independen t ly  by moving t h e  mnemonic mask t o  t h e  s i t e  and e v a l u a t i n g  a l l  t h e  
p o s i t i o n s  on t h e  mask t o  determine t h e  new p o t e n t i a l .  This  u l t i m a t e l y  de te rmines  
whether a n  atom has been added, l o s t ,  or unchanged s i n c e  t h e  l a s t  survey. In t h e  
case of atoms i n  a c r y s t a l  t h a t  are bonded by van d e r  Waal's f o r c e s ,  t h e  e f f e c t s  of 
second- and t h i r d - n e a r e s t  ne ighbors  are q u i t e  s i g n i f i c a n t ,  b u t  f o r  metal, i o n i c ,  and 
c o v a l e n t  bonds, only the primary bonds need t o  be cons ide red  ( @  = y = 0) .  The (1  10) 
f a c e ,  however, is  a n  except ion  ( y  = 0). 
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Adatom 

Lateral  - 
Crystal 0 neighbor 

atom face Mnemonic mask 

Figure  7.- Mnemonic mask used t o  update  p o t e n t i a l s  a t  s i t e  ( i , j )  and ne ighbor ing  
s i tes  fo l lowing  t h e  motion of an  atom. 

The flow c h a r t  f o r  t h i s  s i m u l a t i o n  is  p resen ted  i n  f i g u r e  8. I n i t i a l l y ,  the 
boundary cond i t ions  can be e s t a b l i s h e d  by a d j u s t i n g  t h e  s i te  p o t e n t i a l s  t o  r e f l e c t  
d e s i r e d  d i s t r i b u t i o n s  of k ink  si tes,  l edges ,  i m p u r i t i e s ,  or o t h e r  d e f e c t s .  Any 
degree of he t e rogene i ty  can be inc luded .  
d i c t a t e s  t h e  number of adatoms a r r i v i n g  a t  t h e  s u r f a c e  d u r i n g  a prescribed sampling 
i n t e r v a l .  Depending on the va lue  of S, adatoms are added to  sites by random-number 
g e n e r a t i o n ,  and the  mnemonic mask is then  used t o  update  t h e  p o t e n t i a l  energy  a t  each 
s i t e  as w e l l  as t h a t  a t  each of i ts  sur rounding  ne ighbors .  Every s i t e  i n  t h e  a r r a y  
i s  surveyed,  and a random thermal  energy E ( R )  is  gene ra t ed  and u l t i m a t e l y  used t o  
de termine  t h e  t o t a l  energy a t  s i te  Ci,j 1. (See eq. (19) .) For each s i t e  it i s  then  
determined whether d e s o r p t i o n ,  mig ra t ion ,  i n c o r p o r a t i o n ,  or l o c a l i z a t i o n  h a s  occur red ,  
and t h e  atom i s  moved accord ingly .  U l t ima te ly ,  a l l  t h e  s i tes  are independent ly  and 
randomly sampled. This  i n t e r a c t i o n  procedure i s  followed u n t i l  the desired growth 
t i m e  has  expi red .  A t  t h i s  p o i n t ,  c r y s t a l  growth measures such as v e r t i c a l  growth 
rate,  s u r f a c e  d i f f u s i o n  c o e f f i c i e n t ,  d e s o r p t i o n  rate,  i n c o r p o r a t i o n  rate,  n u c l e a t i o n  
ra te ,  and c l u s t e r  s i z e  d i s t r i b u t i o n  can be c a l c u l a t e d .  F u r t h e r ,  g r a p h i c  d i s p l a y s  of 
s u r f a c e  migra t ion  pa ths  and n u c l e a t i o n  i s l a n d  growth and coa le scence  can be p l o t t e d ,  
a long  wi th  isometric views of t h e  growth. 

O r d i n a r i l y ,  a n  assumed impingement f l u x  Rd 
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Read value of parameters 

1 

1 
Initialize substrate 

geometry and potentials 

Update time counter 

Scan surface and scan time 

1 
Impingement of L adatoms 

Uniform distribution: Generate L random sites and 
deposit adatoms at these sites - update potentials 

I Boltzmann distribution ordered statistic: I Generate random e n e r w  c(R) 

I 
Test potential a t  site (i,j ) : 

If E ( i , j  ) < Um then localization 
If E ( i , j  ) > 0 then desorption 
If Ui < E ( i , j  ) < 0 then incorporation 

If Um 

E (i,j ) = U (i, j ) + t(R) 

E ( i , j  ) C Ui then surface diffusion 

4 ! 
Localization: 

If desorption or  incorporation, remove 
adatom from surface and update potentials 

1 

1 
If migration. random walk to neighbor s i te  

and make changes in potential 

Continue 

I '  
I t i  various measures of crvstal growth I 

stop Yes 

F igure  8.- Flow chart f o r  Monte Carlo SOS computer s i m u l a t i o n  of t h in - f i lm  growth. 
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RESULTS AND DISCUSSION 

Five computer experiments  w e r e  conducted on a (100)  fcc s u r f a c e  t o  assess t h e  
p h y s i c a l  behavior  of t h e  model. The exper iments  and t h e i r  pa rame t r i c  v a r i a t i o n s  are 
summarized i n  t a b l e  I. In o r d e r  t o  model a th in - f i lm  system, s e v e r a l  a p r i o r i  

TABLE I.- MODEL EXPERIMENTS AND PARAMETERS 

Experiment 

1 - Sur face  d i f f u s i o n  of 
s i n g l e  adatom 

2 - C l u s t e r i n g  of n ine  
d i spe r sed  atoms 

3 - Thin-f i lm growth wi th  
a s i n g l e  d e f e c t  s i t e  

4 - Thin-fi lm growth wi th  
variable d e p o s i t i o n  ra te  
and s u b s t r a t e  temperature  

5 - Annealing of t h in - f i lm  
growth 

zd, cm-2-sec-1 x 

0 

0 

.5 

.05, .5, 
1 ,  2.5 

0 

300, 400, 500, 
600, 700 

400, 500, 600 

550 

300, 400, 500, 
600, 700 

500, 600, 700, 
800 

t, sec 

2 

2 

2 

2, 15 

6 

0.7 

.7 

.7 

.7 

.7 

parameters must be s p e c i f i e d .  S ince  t h e r e  are i n s u f f i c i e n t  data on any p a r t i c u l a r  
semiconductor-metal t h in - f i lm  system, nominal parameters w e r e  chosen for  t h e  e x p e r i -  
ments. These parameters  are p resen ted  i n  table  11. 

TABLE 11.- NOMINAL PARAMETERS 

(AHads)a=o,  e V  .................................................................. 1.7 
AHc1, e V  ....................................................................... 3.87 

( s e l f - d i f f u s i o n  i n t o  growing f i l m )  . cm2-sec-’ 
D-Z 

D-Z 
( s u b s t r a t e  atom d i f f u s i o n  through f i l m ) ,  cm2-sec’1 D+Z 

................... 7.8 exp(-2.98h) 

............. 0.1 3 exp(-1 .O8h) 
Qd, e V  .......................................................................... 0.7 
s ................................................................................. 1 

( d i f f u s i o n  i n t o  s u b s t r a t e )  . cm2-sec’l .......................... 0.44 exp(-2.09h) 

The growth k i n e t i c s  are q u i t e  s e n s i t i v e  to  t h e  magnitudes of t h e s e  parameters. 

a d s  €I= For the same t e m -  
For example, t h e  s e l e c t e d  va lues  f o r  ( A H  ) and Qd are h igh ,  and f o r  moderate 
t o  l o w  temperatures  t h i s  w i l l  y i e l d  capture-con?ro l led  k i n e t i c s .  
p e r a t u r e  range,  reducing 
k i n e t i c s .  An e x c e l l e n t  d i s c u s s i o n  of t h i s  argument can be found i n  r e f e r e n c e  2. 

by one-half  w i l l  y i e l d  d e s o r p t i o n - c o n t r o l l e d  
(AHads 8=0 
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Experiment 1 - Surface  Dif fus ion  of S i n g l e  A d a t o m s  

The random migra t ion  of atoms over a p e r f e c t l y  uniform s u r f a c e  ( f i g .  2 ( a ) )  i s  
e s s e n t i a l l y  a random walk t o  nearest-neighbor  s i tes  f o r  t h e  (100)  fcc c r y s t a l  face, 
which has  f o u r  pr imary sites. The number of mig ra t ions  as a f u n c t i o n  of t i m e  i s  
l i n e a r  and v a r i e s  e x p o n e n t i a l l y  wi th  temperature.  A p l o t  of the c a l c u l a t e d  d i f f u s i o n  
c o e f f i c i e n t  as a f u n c t i o n  of i n v e r s e  temperature  is g iven  i n  f i g u r e  9. The l i n e a r  
behavior  of t h e  d i f f u s i o n  c o e f f i c i e n t  follows equa t ion  (10)  , and t h e  s l o p e  of  t h e  
Arrhenius  p l o t  y i e l d s  t h e  a c t i v a t i o n  barrier ( t h e  i n p u t  c o n d i t i o n ) .  
This  p rov ides  a s e l f - c o n s i s t e n t  check on the mig ra t ion  phys ic s  of t h e  computer 
model. The average  number of mig ra t ions  for  each tempera ture  i s  g iven  a d j a c e n t  t o  
each  d a t a  p o i n t  i n  f i g u r e  9. In  t h e  case of a nonuniform s u r f a c e ,  bo th  mean d i f -  
f u s i o n  l e n g t h  and mig ra t ion  frequency would be s u b s t a n t i a l l y  reduced because of t h e  
lower p r o b a b i l i t y  of escape  from kink  s i tes ,  steps, and o t h e r  d e f e c t s .  

Qd = 0.7 e V  

Experiment 2 - C l u s t e r i n g  of Nine Dispersed Atoms 

Th i s  experiment  demonstrated t h e  c l u s t e r i n g  of atoms t o  t h e  most s t a b l e  configu-  
r a t i o n .  Each atom should u l t i m a t e l y  maximize i t s  number of n e a r e s t  ne ighbors ,  t h u s  
making U ( i , j )  more nega t ive  and t h e r e f o r e  more stable. I d e a l l y ,  t h e  atoms should  
i n t e r a c t  t o  f o r m  a 3 x 3 a r r a y .  The d ispersed  atoms i n d i v i d u a l l y  random walk and 
col l ide t o  form dimers ,  trimers, and f i n a l l y  a nine-atom c l u s t e r .  F igure  10 p r e s e n t s  
a g raph ic  sequence of t h e  atom motion as a func t ion  of t i m e  f o r  a s u b s t r a t e  a t  600 K. 
I n  f i g u r e  1 0 ( b ) ,  many migra t ions  have a l ready  occur red  and t h e  atoms have formed a 
monomer, t w o  dimers, and a tetramer. Figure l O ( c )  shows t h e  e f f e c t i v e  r o t a t i o n  of 
t h e  tetramer and t h e  c l u s t e r i n g  of t h e  two d i m e r s  and t h e  monomer. I n  f i g u r e s  l O ( c ) ,  
lO(d ) ,  and l O ( e ) ,  adequate  thermal  energy  was absorbed t o  break  away a s i n g l e  atom 
from t h e  tetramer, trimer, and dimer,  r e s p e c t i v e l y .  Even tua l ly  each monomer w a s  
cap tured  by t h e  growing c l u s t e r .  F i n a l l y ,  i n  f i g u r e  l O ( f ) ,  t h e  c l u s t e r  has  reached  
i t s  most stable s ta te .  C l u s t e r  growth i s  be l ieved  t o  occur  e i t h e r  by t h i s  method of 
monomer c a p t u r e  or by a c t u a l  en masse motion of one of t h e  c l u s t e r s ,  subsequent  co l -  
l i s i o n  wi th  a n o t h e r  c l u s t e r ,  and r e o r i e n t a t i o n  of  t h e  atoms to  r e g i s t r y  wi th  this 
c l u s t e r  (ref. 2, chap te r  3 ) .  In  t h e  formula t ion  of t h i s  model, no c o n s i d e r a t i o n  w a s  
g iven  t o  t h e  motion of whole c l u s t e r s ,  bu t ,  as t h e s e  exper iments  show, whole c l u s t e r s  
can move by i n d i v i d u a l  atom motion a t  the pe r iphe ry  of t h e  c l u s t e r ,  which r e s u l t s  i n  
t h e  n e t  motion of i t s  c e n t e r  of mass. 

Experiment 3 - Thin-Film Growth With a S i n g l e  Defect S i t e  

A g e n e r a l i z e d  p o i n t  d e f e c t  i s  modeled by assuming t h a t  the p o t e n t i a l s  f o r  t h e  
" t r a p "  and i t s  neares t -ne ighbor  sites vary  i n  t h e  l a t e ra l  and ver t ica l  d i r e c t i o n s  and 
are dependent  on l a y e r  he igh t .  ( P o t e n t i a l s  r e t u r n  t o  normal a f te r  t w o  l a y e r s  of  
growth.) Although it is  understood t h a t  zo w i l l  vary  i n  t h e  v i c i n i t y  of d e f e c t s ,  
t h e r e  is no simple means of de te rmining  i t s  va lue  nea r  a p a r t i c u l a r  d e f e c t .  It w i l l  
t h e r e f o r e  be assumed t h a t  zo = sec. 

F igure  11 shows t h e  p r e s c r i b e d  v a r i a t i o n  i n  p o t e n t i a l  energy a t  t h e  t r a p ,  which 
is p o s i t i o n e d  a t  t h e  center of t h e  20 x 20 a r r a y .  A g r a p h i c  d i s p l a y  of t h e  growth 
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Figure  9.- Arrhenius  p l o t  of s ingle-adatom d i f f u s i o n  c o e f f i c i e n t  over  a 
uniform s u r f a c e  as a f u n c t i o n  of r e c i p r o c a l  tempera ture .  
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(a) t = 0. ( d )  t = 0.5 sec. 

(b) t = 0.1 sec. ( e )  t = 0.7 sec. 

( c )  t = 0.3 sec. (f) t = 1.0 sec. 

Figure 10.- Clustering of dispersed atoms on a uniform surface as a function 
of time. T = 600 K. 
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Trap potential, eV Trap potential, e V  

( a )  F i r s t  l aye r .  ( b )  Second l a y e r .  

F igu re  11.- V a r i a t i o n  i n  p o t e n t i a l  energy around a t rap f o r  f i r s t  and 
second l a y e r s  w i t h i n  t h e  400-s i te  a r r a y .  

around t h e  s i te  i s  shown i n  figure 12 f o r  a c o n s t a n t  d e p o s i t i o n  rate 
Rd = 5 x IO14 cm-2-sec-1 
i n g  of some of the SOS squa res  r e p r e s e n t s  t h e  nex t  a d l a y e r  of t h e  growing f i lm . )  
As atoms impinge on t h e  s u r f a c e ,  heterogeneous n u c l e a t i o n  occur s ,  and growth i s  
so r a p i d  i n  t h i s  v i c i n i t y  t h a t  cap tu red  adatoms cause  a d e p l e t i o n  zone around t h e  
growing c l u s t e r .  Fu r the r ,  t h e  v e r t i c a l  growth ra te  i s  a lso l a r g e r  than  normal 
because  t h e  p o t e n t i a l  energy a t  t h e  trap sites is  s t i l l  l o w e r  on t h e  s u r f a c e  of t h e  
growing i s l a n d  than on t h e  uniform-surface sites, thus  g e n e r a t i n g  t h e  e a r l y  growth of 
t h e  second l a y e r .  I t  i s  t h e r e f o r e  l i k e l y  t h a t  growth i n  t h e  v i c i n i t y  of such a s i t e  
would be dominated by t h i s  d e f e c t .  

and a s u b s t r a t e  tempera ture  T = 550 K. ( L i g h t e r  shad- 

I t  h a s  r e c e n t l y  been observed t h a t  e p i t a x i a l  growth is  ext remely  s e n s i t i v e  t o  
s u r f a c e  d e f e c t  dens i ty  and to  t h e  magnitude of t h e  d e p o s i t i o n  rate ( r e f s .  10 and 1 1 ) .  
Growths have been achieved a t  very  low tempera tures  on a p p r o p r i a t e  s u b s t r a t e s  on ly  
when t h e  s u r f a c e  was r e l a t i v e l y  smooth and d e f e c t  f r e e  (as determined by Kikuchi 
l i n e s  p r e s e n t  i n  the  r e f l e c t i o n  high-energy e l e c t r o n  d i f f r a c t i o n  p a t t e r n s ) .  I f  t h e  
d e f e c t  d e n s i t y  i s  t o o  h igh ,  then  e p i t a x y  is  i n h i b i t e d  by t h e  dominance of qrowth 
a f f e c t e d  by t h e  de fec t s .  I f  the d e p o s i t i o n  ra te  is  t o o  h igh ,  t hen  even wi th  l o w  
d e f e c t  d e n s i t y  the growth around t h e  d e f e c t s  is so r a p i d  t h a t  e p i t a x y  is  also l i m -  
i t e d .  ! therefore,  an unders tanding  of t h e  growth rate a b o u t  d i f f e r e n t  types  o€ 
d e f e c t s ,  as w e l l  a s  a knowledge of t h e  o v e r a l l  s u r f a c e  d e f e c t  d e n s i t y ,  would be he lp -  
f u l  i n  a s s e s s i n g  the p r o b a b i l i t y  of e p i t a x y  f o r  a g iven  system. 

Experiment 4 - Thin-Film Growth With Variable Deposi t ion R a t e  and 
S u b s t r a t e  Temperature 

The r e p r e s e n t a t i o n  of t h e  g r o w t h  for  fou r  d i f f e r e n t  d e p o s i t i o n  rates over t h e  
tempera ture  range 300 K t o  600 K is p resen ted  i n  f i g u r e s  13 to  16. The sequences i n  
f i g u r e  13 show the dramat ic  d i f f e r e n c e  i n  t h e  g r o w t h  of c l u s t e r s  due t o  t h e  h i g h e r  

18  



(a) t = 0.5 sec. ( d )  t = 1.4 sec. 

(b) t = 0.8 sec. (e) t = 1.7 sec. 

(c )  t = 1.1 sec. (f) t = 2.0 sec. 

Figure  12.- Growth around trap. Lighter  shading of SOS squares  r ep resen t s  
next  adsorp t ion  l a y e r  of growing film. T = 550 K. 



(a) T = 300 K; t = 0.5 sec. (a) T = 400 K; t = 0.5 sec. 

(b) T = 300 K; t = 3.0 sec. (e) T = 400 K; t = 3.0 sec. 

(c) T = 300 K; t = 6.0 sec. 

Figure 13.- Deposi t ion at 

(f) T = 400 K; t = 6.0 S e C o  

-1 13 -2 
Rd = 5 x 10 cm -set . 

20 



(a) t = 0.5 sec. 

(b) t = 0.8 sec. 

(c) t = 1.1 sec. 

( d )  t = 1.4 sec. 

( e )  t = 1.7 sec. 

(f) t = 2.0 sec. 

F igure  14.- Deposi t ion a t  Rd = 5 x 1014 cm'2-sec'1. L igh te r  shading Of so.? 
squares r e p r e s e n t s  n e x t  adsorp t ion  l a y e r  of  growing f i lm.  T = 500 K. 
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( a )  t = 0.5 sec. 

(b) t = 0.8 sec. 

( c )  t = 1.1 sec. 

( d l  t = 1.4 sec. 

(e)  t = 1.7 sec. 

( f )  t = 2.0 sec. 

Figure 15.- Deposition a t  R~ = 1 x 1015 cm-2-sec-l. Lighter shading of SOS 
s q u a r e s  r ep resen t s  next  a d s o r p t i o n  l a y e r  of growing f i l m .  T = 600 K. 
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(a) t = 0.25 sec. (d) t = 0.70 sec. 

(b) t = 0.40 sec. ( e )  t = 0.85 sec. 

(c) t = 0.55 see. (f) t = 1.00 sec. 

F igure  16.- Deposi t ion a t  Rd = 2.5 x 1015 cm-2-sec-1. Lighter  shading of sos 
squa res  r e p r e s e n t s  next  adsorpt ion l a y e r  of growing film. T = 600 K. 
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s u b s t r a t e  temperature.  This i s  s imply a m a n i f e s t a t i o n  of t h e  h ighe r  m o b i l i t y  of 
s u r f a c e  atoms. The growth of s i n g l e  c l u s t e r s  and t h e i r  u l t i m a t e  coa lescence  is  shown 
i n  f i g u r e  14. This f i g u r e  i l l u s t r a t e s  t h e  development of a p o s s i b l e  q r a i n  boundary. 
Although g raph ic  r e p r e s e n t a t i o n  of d i f f e r e n t  growing g r a i n  o r i e n t a t i o n s  is  n o t  e a s i l y  
achieved  wi th  the SOS approach, t h e  p o t e n t i a l  f i e l d  su r round ing  a p a r t i c u l a r  d e f e c t  
or n u c l e a t i o n  s i t e  does provide  some in fo rma t ion  about  t h e  probable  qrowth o r i e n t a -  
t i o n ,  and t h i s  may be s u f f i c i e n t  t o  determine i f  t h e  c o a l e s c i n q  g r a i n s  w i l l  be i n  or 
near  r e g i s t r y  ( i , e . ,  t h e r e  w i l l  be a low-angle g r a i n  boundary)  o r  whether a h igh-angle  
g r a i n  boundary w i l l  be formed. 

F igu re  15 shows t h e  growth sequence t h a t  occur red  when a n  advancing ledge  w a s  
formed upon t h e  coalescence of t w o  l a r g e  c l u s t e r s .  This  behavior  has  also been 
observed by Weeks and G i l m e r  f o r  c a l c u l a t e d  c r y s t a l  growth from t h e  m e l t  (ref. 5 )  
The sequence i n  f i g u r e  16 shows r a p i d  growth; i n  o n l y  1 second,  t h e  f irst  l a y e r  i s  
complete, t h e  second l a y e r  is  a lmost  complete,  t h e  t h i r d  l a y e r  has  a l a r g e  c l u s t e r ,  
and t h e r e  i s  even one adatom beqinning  t h e  f o u r t h  l a y e r .  

The roughness f a c t o r  as a f u n c t i o n  of t i m e  f o r  t h e s e  growths i s  p resen ted  i n  
f i g u r e s  17 and 18, and p rov ides  an  i n d i c a t i o n  of t h e  changing s u r f a c e  un i fo rmi ty .  
The roughness f a c t o r  i s  given by h = A/As, where A and A are the s u r f a c e  areas 
of t h e  growing f i lm and the homogeneous s u b s t r a t e .  The o s c i f l a t i n q  s t r u c t u r e  of t h e  
cu rves  is  a man i fe s t a t ion  of t h e  qrowing m u l t i l a y e r s  and t h e  subsequent  s u r f a c e  
migra t ion  f i l l i n g  i n  t h e  vacancies  and t h e  ledge  and k ink  s i tes .  A t  h i g h e r  s u b s t r a t e  
temperatures, the more mobile adatoms f i l l  i n  t h e s e  s i tes  f a s t e r ;  t h i s  tends  t o  
smooth o u t  any s t r u c t u r e  i n  t h e s e  curves .  

A p lo t  of c l u s t e r  d e n s i t y  ns and c l u s t e r  s i z e  N as a f u n c t i o n  of t i m e  is  
C l u s t e r s  Of presen ted  i n  f i g u r e  19 f o r  a d e p o s i t i o n  rate of 5 x 1014 crn-2-sec-1. 

s i z e  ni ( i  > 1 )  have a t o t a l  d e n s i t y  of 

i = 2  t n i = n  S 
(23 )  

D e f i n i t e  maxima i n  t h e s e  curves  are observed f o r  a l l  tempera tures  t e s t e d .  A s  is 
appa ren t  from f i g u r e s  13 to  16, t h e  decay i n  n is due to  t h e  coa lescence  of t h e  
c l u s t e r s .  This behavior has  a lso been observed by Donohoe and Robins for A g / N a C l  
( r e f .  121, Hamilton and Loge1 f o r  Ag/C and Pd/C (ref. 131, and Corbett and B o s w e l l  
f o r  Ag/MoS2 ( r e f .  14 ) .  
t empera ture ,  as was observed by Poppa for B i / C  and Ag/C ( r e f .  15 ) .  The most probable  
s i z e  of t h e  c l u s t e r s  f o r  t h e  maxima a t  T = 300 K and t = 5.5 sec is approximate ly  
two to  t h r e e  atoms, 

S 

The maximum c l u s t e r  s i z e  a lso d e c r e a s e s  wi th  i n c r e a s i n g  

The i n i t i a l  s l o p e  of the ns cu rves  i n  f i g u r e  19 q i v e s  t h e  n u c l e a t i o n  ra te  
( r e f .  16 )  

ads  - '3 + ( i *  + 1 ) A H  
Jo = Za*(R'GO) i*+l  e XP ["i' 

kT (24 )  
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Figure 17.- Surface roughness factor for R d  = 5 x 1014 cm-2-sec-1 and several  
temperatures. Completed layers correspond t o  m i n i m a  in curves. 

r Rd = 2.5 x 1015 crn-2-sec-1 r 

0 .2 .4 .6 .8 1.0 1.2 1.4 
t, s e c  

Figure 18.- Surface roughness factor a t  T = 500 K f o r  several depos i t ion  rates.  
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Figure  19.- C l u s t e r  d e n s i t y  ns as f u n c t i o n  of t i m e  w i t h  c o n s t a n t - c l u s t e r  cu rves  
for 25, 50, 100, and 200 atoms. Decrease i n  ns cor responds  t o  growth 
coa le scence .  Rd = 5 x 1014 cm-2-sec-1. 



where 2 is t h e  Zeldovi tch  f a c t o r ,  s* is  t h e  c a p t u r e  number, Ei* i s  t h e  c l u s t e r  
energy,  and i *  is t h e  c r i t i c a l  nuc leus  s i z e .  I f  it is assumed i n  t h i s  case t h a t  
Za* = 1 and i *  = 1,  then 

Jo 1 Jo 2 - = -  
2 2 

Rd 1 Rd 2 

A t  T = 300 K, t h e  model g i v e s  

2 -15 2 
Jo/Rd = 2.93 x 10 c m  -sec 

2 
= 2.67 x c m  -sec Jo/Rd 

and a t  T = 400 K, t h e  model g i v e s  

2 -16 2 
Jo/Rd = 8.7 X 10 c m  -sec 13 -2 

(Ra = 5 x I O  c m  -sec-’) 

2 -16 2 14 -2 
Jo/Rd = 7.9 x 10 c m  -sec ( R ~  = 5 x I O  c m  -sec-’) 

This  i s  r easonab ly  good agreement, and i n d i c a t e s  t h a t  t h e  c r i t i ca l  nuc leus  is 
indeed i *  = 1 .  

Experiment 5 - Annealing of  Thin-Film Growth 

Annealing of a g iven  d e p o s i t i o n  o r  growth proceeds  by s u r f a c e  d i f f u s i o n  o r  mono- 
m e r  exchange between c l u s t e r s  (Ostwald r i p e n i n g ) .  As d i s c u s s e d  p r e v i o u s l y ,  c l u s t e r  
p e r i p h e r a l  motion can a l s o  occur caus ing  a n  i n c r e a s e  i n  the o r d e r  of t h e  growth. 
F igu re  2 0 ( a )  shows t h e  i n i t i a l  growth cond i t ion  
T = 300 K. 
t empera ture  i n c r e a s e d  t o  600 K and then t o  700 K is p r e s e n t e d  i n  f i g u r e s  2 0 ( b )  
through 2 0 ( e ) .  For both  tempera tures ,  each i s l a n d  o r  c l u s t e r  is d r i v e n  t o  t h e  more 
ordered  arrangements shown and t h e  number of smaller n u c l e i  has  n o t i c e a b l y  dec reased  
f o r  t h e  longe r  e l a p s e d  t i m e .  Figure 21 shows t h e  e f f e c t  of tempera ture  on t h e  
average d e n s i t y  of t h e  c lusters .  This same s o r t  of l i n e a r  d e c r e a s e  i n  t h e  c l u s t e r  
d e n s i t y  w a s  found by Donohoe and Robins f o r  t h e  system Au/NaCl ( r e f .  1 2 ) .  Annealing 
a t  d e p o s i t i o n  tempera ture  d i d  n o t  seem t o  have a s i g n i f i c a n t  e f f e c t  on c l u s t e r  d e n s i t y  
even f o r  l a r g e  t i m e s ,  b u t  when t h e  temperature w a s  i n c r e a s e d ,  t h e  low-density c l u s t e r s  
u l t i m a t e l y  broke up by monomer exchange t o  the l a r g e r ,  more s t a b l e  c l u s t e r s .  

Rd = 5 x 1013 cm‘2-sec’1 when 
The temporal v a r i a t i o n  i n  growth rate f o r  Rd = 0 wi th  t h e  s u b s t r a t e  
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( a  
13 -2 . I  R = 5 x 10 cm -sec 

T = 300 K; t = 0 sec. 
d 

1 
, 

(b) Ra = 0;  T = 600 K; 
t = 3.0 sec. 

(d) Rd = 0 ;  T = 700 K; 
t = 3.0 sec. 

(c) Rd = 0 ;  T = 600 K; (e) Rd = 0; T = 700 K; 
t = 6.0 sec. t = 6.0 sec. 

Figure 20.- Annealing of deposition. 
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density, 
n cmm2 
S' 

13 -2 
= 7.75 x 10 cm ; ("s -300 Figure  21.- Annealing e f f e c t s  on c l u s t e r  s i z e .  

t = 6 sec; 0 = 0.3. 

CONCLUDING REMARKS 

A so l id -on- so l id  (SOS) Monte Car lo  computer s i m u l a t i o n  u t i l i z i n g  a p o t e n t i a l -  
energy s c a l i n g  t echn ique  has  been used t o  model t h e  i n i t i a l  s t a g e s  of t h in - f i lm  
growth. The method employs Boltzmann-ordered s ta t is t ics  t o  s i m u l a t e  f l u c t u a t i o n s  i n  
v i b r a t i o n a l  energy  a t  each s i t e  i n  t h e  20 x 20 a r r a y .  Subsequent e v e n t s  of 
a d s o r p t i o n ,  d e s o r p t i o n ,  s u r f a c e  mig ra t ion ,  i n c o r p o r a t i o n ,  and s u b s t r a t e  atom d i f f u -  
s i o n  to  t h e  s u r f a c e  are cons ide red ,  and t h e i r  e f f e c t  on t h e  p o t e n t i a l - e n e r g y  f i e l d  a t  
each s i t e  i s  c o n t i n u a l l y  updated and recorded. The r e s u l t s  of s e v e r a l  computer 
experiments show c o n s i s t e n c y  w i t h  the  expected behavior  of t h in - f i lm  growth. Su r face  
m i g r a t i o n  data t aken  a t  d i f f e r e n t  s u b s t r a t e  t empera tu res  v e r i f i e d  t h e  a c t i v a t i o n  
energy  as de termined  by an Arrhenius p l o t .  Dispersed adatoms were observed t o  c l u s -  
ter  i n t o  dimers and trimers and f i n a l l y  t o  form a s i n g l e  c l u s t e r  i n  i t s  most stable 
c o n f i g u r a t i o n .  A p o i n t  d e f e c t  w a s  designed by vary ing  t h e  i n t e r a c t i o n  p o t e n t i a l  i n  
t h e  l a t e ra l  ( x , y )  and v e r t i c a l  ( 2 )  d i r e c t i o n s ,  and se rved  t o  i l l u s t r a t e  the  p r e f e r r e d  
growth t h a t  is  known t o  occur  a t  such d e f e c t s .  This procedure appears  t o  be a prom- 
i s i n g  approach i n  t h e  s tudy  of such de fec t s .  m p e r i m e n t s  w i t h  va ry ing  d e p o s i t i o n  
rate and s u b s t r a t e  tempera ture  showed the  expected behavior  of t h i n - f i l m  growth, from 
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n u c l e a t i o n  and c l u s t e r  growth t o  coalescence.  The n u c l e a t i o n  ra te  w a s  found t o  be 
p r o p o r t i o n a l  t o  the square of t h e  d e p o s i t i o n  rate, i n  agreement w i t h  t h e  atomistic 
theo ry  of nuc lea t ion .  F i n a l l y ,  a n n e a l i n g  experiments  demonstrated the o r d e r i n g  of 
c l u s t e r s  as a func t ion  of t i m e  and temperature .  , 

Langley Research Center 
N a t i o n a l  Aeronautics and Space Admin i s t r a t ion  
Hampton, VA 23665 
December 2, 1982 



REFERENCES 

1. Moon, R. L.; James, L. W.; Locker, D. R.; R a h i l l y ,  W. P.; Lowe, L.; and Mees, J. M.: Performance of  AlGaAs/GaAs S o l a r  C e l l s  i n  t h e  Space Environment. 
Conference Record of t h e  Twelfth IEEE P h o t o v o l t a i c  S p e c i a l i s t s  Conference - 
1976, 76CH1142-9 ED, IEEE, 1976, pp. 255-261. 

2. L e w i s ,  B.; and Anderson, J. C.: Nucleat ion and Growth of Thin Films. Academic 
P r e s s ,  Inc. ,  1978. 

3. Abraham, F a r i d  F.; and White, George M.: Computer S imula t ion  of Vapor D e p o s i t i o n  
on Two-Dimensional Lattices. J. Appl. Phys., vol. 41, no. 4, Mar. 15, 1970, 
pp. 1841-1 849. 

4. Van der Eerden, J. P.; Bennema, P.; and Cherepanova, T. A.: Survey of Monte 
Carlo Simula t ions  of C r y s t a l  Surfaces  and C r y s t a l  Growth. P r o g r e s s  i n  C r y s t a l  
Growth and C h a r a c t e r i z a t i o n  - Volume T, B r i a n  R. Pamplin, ed., Pergamon P r e s s ,  
Ltd., c.1978, pp. 219-254. 

5 .  Weeks, John D.; and G i l m e r ,  George H.: Dynamics of C r y s t a l  Growth. Advances i n  
Chemical Phys ics  - V o l u m e  XL, I. Prigogine and S t u a r t  A. R i c e ,  eds . ,  John Wiley 
& Sons, Inc. ,  c.1979, pp. 157-227. 

6.  Hogg, Robert V.; and Cra ig ,  Allen T.: I n t r o d u c t i o n  t o  Mathematical  S t a t i s t i c s ,  
3rd ed. Macmillan Pub. Co., Inc., c.1970. 

7. Van Hove, M. A.: S u r f a c e  Crys ta l lography and Bonding. The Nature  of t h e  S u r f a c e  
Chemical Bond, T. N. Rhodin and G. E r t l ,  eds. ,  North-Holland Pub. Co., c.1979, 
pp. 275-311. 

8. Bonzel, H. P.: T r a n s p o r t  of Matter a t  S u r f a c e s .  S u r f a c e  Phys ics  of Materials - 
Volume 11, J. M. Blakely,  ed., Academic P r e s s ,  Inc. ,  c.1975, pp. 279-338. 

9. Crank, J.: The Mathematics of Diffusion.  Oxford Univ. P r e s s ,  1956. 

10. P r i n z ,  G. A.; and Krebs, J. J.: Molecular Beam Ep i t ax ia l  Growth of S i n g l e -  
C r y s t a l  Fe Films on G a A s .  A p p l .  Phys. L e t t . ,  vol .  39, no. 5 ,  Sept .  1, 1981, 
pp. 397-399. 

11. P r i n z ,  G. A.; and F e r r a r i ,  J. M.: Molecular Beam Epitaxial  Growth of S i n g l e  
C r y s t a l  AR Films on G a A s  ( 1 1 0 ) .  Appl. Phys. L e t t . ,  vol. 40, no. 2, Jan. 15, 
1982, pp. 155-157. 

12. Donohoe, A. J.; and Robins, J. L.: Mobi l i ty  and Coalescence of Nucle i  i n  Metal 
Vapor Depos i t ion  on Alkali’ Hal ide S u b s t r a t e s .  J. Crys t. Growth, vol.  17,  
D e c .  1972, pp. 70-76. 

13.  Hamilton, J. F.; and Logel, P. C.: Nucleat ion and Growth of Ag and Pd on 
Amorphous Carbon by Vapor Deposit ion.  Thin S o l i d  Films, vo l .  16, no. 1 ,  
A p r .  1973, pp. 49-63. 

14. Corbett, J. M.; and - s w e l l ,  F. W.: Experimentai  I n v e s t i g a t i o n  of the Nuclea t ion  
of S i l v e r  on Molybdenite. J. Appl. Phys., vol. 40, no. 6, May 1969, 
pp. 2663-2669. 

31 



15. Poppa, Helmut: Heterogeneous Nuc lea t ion  of B i  and Ag on Amorphous S u b s t r a t e s  
( I n  S i t u  Elec t ron  Microscopy S t u d i e s ) .  J. A p p l .  Phys., vo l .  38, no. 10, 
Sept .  1967, pp. 3883-3894. 

I 32 

16. Walton, D.: Nuclea t ion  of Vapor Depos i t s .  J. Chern. Phys., vol. 37, no. 10, 
NOV. 15, 1962, pp. 21 82-21 88. 



A 

AS 

'b 

Ac  

D 

E ( i , j  1 

E s ( i , j )  

S 

E i  * 
F( E) 

f ( a )  

G( E)  

g (  E) 

hH 
ads 

%l 

&des 

i *  

JO 

k 

R 

N 

n 

n .. 

"S 

J. 

P 

Qd 

R 

NOMENCLATURE 

2 s u r f a c e  area of growing f i l m ,  c m  

s u r f a c e  area of homogeneous s u b s t r a t e ,  c m  

i n t e r a t o m i c  d i s t a n c e ,  c m  

-3 bulk c o n c e n t r a t i o n ,  c m  

s u r f a c e  c o n c e n t r a t i o n ,  cm-2 

d i f f u s i o n  c o e f f i c i e n t ,  cm2-sec" 

t o t a l  energy a t  s i te  ( i , j )  on second and succeeding  l a y e r s ,  e V  

t o t a l  energy  of s u r f a c e  l a y e r  a t  s i te  (i ,  j 1, e V  

c l u s t e r  energy,  e V  
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n u c l e a t i o n  rate,  cm-2-sec 

Boltzmann's c o n s t a n t ,  eV/K 

c o o r d i n a t i o n  number, dimensionless  

c l u s t e r  s i z e ,  cm-2 

random sample number, dimens i o n  les s 

c l u s t e r  d e n s i t y  of s i z e  i, c m  

c l u s t e r  d e n s i t y  (monomers excluded) ,  c m  

s t a t i s t i ca l  p r o b a b i l i t y  

a c t i v a t i o n  barrier for  s u r f a c e  d i f f u s i o n ,  e V  
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d e p o s i t i o n  rate,  cm-2sec-1 

roughness f a c t o r  

s t i c k i n g  c o e f f i c i e n t ,  d imens ionless  

s t i c k i n g  c o e f f i c i e n t  a t  z e r o  coverage,  d imens ion le s s  

s u b s t r a t e  tempera ture ,  K 

t i m e ,  sec 

sampling t i m e ,  sec 

p o t e n t i a l  energy a t  s i te  (i, j 1 , e V  

th re sho ld  energy for i n c o r p o r a t i o n ,  e V  

th re sho ld  energy for migra t ion ,  e V  

p o t e n t i a l  energy a t  s i te  ( i , j )  on uniform s u r f a c e ,  e V  

coordinate system r e l a t i v e  t o  f i l m  s u r f a c e ,  c m  

Ze ldovi tch  f a c t o r ,  d imens ionless  

incrementa l  energy change, n e a r e s t  neighbor ,  e V  

incrementa l  energy change, second-neares t  neighbor ,  e V  

incrementa l  energy change, t h i r d - n e a r e s t  neighbor ,  e V  

th i ckness  of f i l m ,  c m  

random v i b r a t i o n a l  energy ,  e V  

maximum random v i b r a t i o n a l  energy ,  e V  

v i b r a t i o n a l  energy from orde red  s ta t is t ics ,  e V  

number of bonds, d imens ionless  

coverage, d imens ionless  

i n v e r s e  energy,  ev-l 

deso rp t ion  f l u x ,  cm-*-sec -1 

o r d e r  of bonding 

c l u s t e r  c a p t u r e  number, d imens ionless  

s t a y  t i m e ,  sec 



average  mean t i m e  between hops 

v i b r a t i o n a l  pe r iod ,  sec 

single-bond energy,  e V  

energy change a t  a d s o r p t i o n  s i t e ,  eV 
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